The essential oils extracted from the four herbs, cinnamon (Cinnamomum verum), clove (Syzygium aromaticum), ginger (Zingiber officinale) and holy basil (Ocimum sanctum), were investigated for their antimicrobial activity and mode of action against Lactococcus garvieae, a fish pathogenic bacteria causing lactococcosis. Of all the tested oils, clove oil had the strongest inhibitory effect and exhibited a bactericidal mode of action against the pathogenic bacterium. When an intraperitoneal infection of tilapia (Oreochromis niloticus) with L. garvieae was performed, the median lethal dose (LD 50 ) was determined to be 1:78 Â 10 2 CFU/fish. For an in vivo trial, no mortality was apparent in fish fed on the fish diets supplemented with 3% (w/w) of clove oil and with 0.5% (w/w) of oxytetracycline 5 d prior to the infection with L. garvieae. These results indicate that clove oil had a protective effect on experimental L. garvieae infection in tilapia and the potential to replace antibiotics for controlling the disease.
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Lactococcus garvieae is a facultatively anaerobic, non-motile, non-spore forming, Gram-positive ovoid coccus, occurring in pairs and short chains, and it produces -haemolysis on blood agar. 1, 2) It is classified as a member of Group B Streptococcus because it has the group B Lancefield antigen present.
3) The bacterium was originally identified as Streptococcus garvieae. 4) In 1991, it was proposed as the new species, Enterococcus seriolicida, based on conventional phenotypic tests such as the ability to grow at 6.5% NaCl or pH 9.6.
2) Further taxonomic studies based on DNA hybridization and a 16S rDNA sequence analysis revealed that E. seriolicida and L. garvieae were the same species. 1, 5, 6) L. garvieae is an emerging zoonotic pathogen causing illness in humans 4, [7] [8] [9] and animals such as cattle, 4, 5) giant fresh water prawn 10) and fish. It has been shown to cause a variety of clinical signs and significant mortality among wild and cultured fish worldwide, including rainbow trout (Oncorhynchus mykiss), 11, 12) yellowtail (Seriola quinqueradiata), 13) tilapia (Oreochromis niloticus), 14) Japanese eel (Anguilla japonica), 2) olive flounder (Paralichthys olivaceous), 15) wild wrasse (Coris aygula) 16) and wild bottlenose dolphin (Tursiops truncates). 17) Fish suffering from lactococcosis, the disease caused by L. garvieae, exhibit a variety of clinical signs such as anorexia, melanosis, lethargy, loss of orientation, exophthalmia, conjunctivitis, erratic swimming, severe internal hemorrhage and congestion of blood vessels, peritonitis, abscess of the spleen and liver, meningoencephalitis and bacterial septicemia. 1, 2, 18, 19) This pathogen is a major cause of serious economic losses in aquaculture worldwide, because the infected aquatic animals generally have a high mortality rate, low growing rate and unmarketable appearance. 14) Antibiotics have been used in aquaculture as an effective method to control lactococcosis, the most commonly used drugs being oxytetracycline, erythromycin and amoxicillin. 20, 21) However, the safety of using antibiotics has been questioned. The development of drug-resistant bacteria and the accumulation of antibiotics in fish and the environment have been reported to be associated with the use of antibiotics in aquaculture. 22) The demand for green aquaculture or organic aquaculture has recently been increasing. Natural products, especially from plants, have been investigated for their therapeutic and prophylactic effects on several fish diseases. [23] [24] [25] Due to their safety to farmers, consumers and the environment and their recognized antimicrobial activity, plant essential oils have come to our attention as possible alternatives to control lactococcosis in fish.
Herbal essential oils were examined in this study for their antimicrobial activity and mode of action against L. garvieae. This work also investigated the protective effect of clove oil on experimental L. garvieae infection in tilapia (O. niloticus) which is one of the most cultured fish species in Thailand with a high incidence of L. garvieae infection.
Material and Methods
Bacterial strain and culture conditions. The bacterial strain used in this study was L. garvieae ATCC43921 purchased from the American Type Culture Collection (Rockville, MD, USA). Brain heart infusion (BHI) media (broth and agar) were used to culture the bacterial strain. The growth temperature was 25 C. The bacterial stock culture was stored as a frozen culture at À80 C in BHI broth containing 20% glycerol (v/v).
Preparation of essential oils. The herbs used in this study were cinnamon (Cinnamomum verum), clove (Syzygium aromaticum), ginger (Zingiber officinale) and holy basil (Ocimum sanctum). All of them were purchased from herb shops in Ubon Ratchathani province y To whom correspondence should be addressed. Tel: +66-45-288380; Fax: +66-45-288389; E-mail: rattanachaikunsopon@yahoo.com Abbreviations: MIC, minimal inhibitory concentration; BHI, brain heart infusion (Thailand). Herbal essential oils were prepared by steam distillation. Two hundred grams of each sample were cut into small pieces and homogenized in 200 ml of distilled water by using a blender. The homogenate was subjected to essential oil extraction by using a vertical steam distillation unit. The extracted essential oil was kept in a dark bottle and stored at 4 C until needed.
Antimicrobial activity test. The antimicrobial activity of each essential oil against L. garvieae was evaluated by the swab paper disc method.
26) The bacterial culture (10 8 CFU/ml) was spread with a sterile swab on BHI agar, before placing sterile filter paper discs of 6 mm in diameter (Schleicher & Schuell, USA) on the agar. Fifteen ml of each essential oil were spotted on the paper discs. Each extract was tested in five replicates. Oxytetracycline (5 mg/disc) was used as a positive control, while distilled water was used as a negative control. After incubating at 25 C for 24 h, the diameter of each growth-free zone around the discs was measured and the diameter of the paper disc subtracted, giving the size of each inhibition zone beyond the paper disc.
Determination of the minimal inhibitory concentration (MIC).
The MIC value of each essential oil for L. garvieae was determined by using the microtiter broth microdilution method described by Amsterdam 27) with some modifications. In brief, each essential oil was initially adjusted to 600 mg/ml and then subjected to a doubling dilution series on a microtiter plate containing BHI broth. The tested bacteria (50-ml aliquots) were added to the wells containing the diluted essential oils to obtain a final concentration of 10 4 CFU/ml. Controls (without the essential oil and without the tested bacteria) were included for each plate. After incubating at 25 C, the bacterial growth was determined after 24 h and 48 h by measuring the absorbance at 600 nm with an EL Â 800 universal microplate reader (Biotek Instrument, Highland Park, Vermont, USA). MIC of each essential oil was taken as the lowest concentration causing no growth of the bacteria. Each MIC value was obtained from five experiments.
Examination of the mode of action. Each essential oil (at a final concentration equal to the MIC value) was added to 4.9 ml of the L. garvieae culture (10 3 CFU/ml). After incubating at 25 C for 24 h, 100 ml of the mixture was inoculated into 4.9 ml of fresh BHI broth. The optical density at a wavelength of 600 nm (OD 600nm ) of the culture was determined at the time of inoculation and after incubating at 25 C for 24 h.
Preparation of the fish. The fish used in this study were tilapia (O. niloticus) purchased from ''Nong Khon'' Farm (Ubon Ratchatnai, Thailand). They were maintained in plastic tanks (150 liters) for two weeks to acclimatize to laboratory conditions prior to the experiments. Throughout the acclimatization period and subsequent experiments, the fish were held at 25 C with a 12-h light/12-h dark photoperiod and fed at 5% body weight twice a day with C. P. CLASSIC commercial fish feed (S. W. T. Co., Bangkok, Thailand). All experiments were conducted in 50-liter aquaria. Fish weighing 10 AE 1 g were stocked in the aquaria (10 fish per aquarium) 24 h prior to the experiments. The aquaria were cleaned daily by siphoning off two thirds of the water and replacing it with fresh water.
Water quality maintenance. The water quality parameters were monitored every two days and maintained within the following ranges: dissolved oxygen concentration, 6:0 AE 0:6 mg/l; temperature, 25:0 AE 1:5 C; pH, 7:0 AE 0:5; total hardness, 34:5 AE 1:8 mg/l as CaCO 3 ; alkalinity, 29:5 AE 2:0 mg/l as CaCO 3 ; ammonia, less than 0.02 mg/l; and nitrite, less than 0.5 mg/l. The dissolved oxygen concentration and water temperature were measured by using a YSI 85 oxygen, conductivity, salinity and temperature meter (Yellow Springs Instrument, Yellow Springs, OH, USA). pH was determined with a glass electrode (Corning Science Products, Medfield, MA, USA). A water test kit with a digital titrator (Hach, Loveland, CO, USA) was used to measure the total hardness and total alkalinity. Ammonia and nitrites were determined by using an AG-2 fresh water aquaculture kit (LaMotte, Chestertown, MD, USA).
Determination of the median lethal dose (LD 50 ). Groups of 10 fish with an average weight of 10 g were used for determining LD 50 of L. garvieae for tilapia. Each group of fish was kept in a 50-liter aquarium at 25 C throughout the experiments. Ten-fold serial dilutions were prepared from a bacterial culture with a concentration of 10 7 CFU/ml. One hundred ml of each dilution was injected intraperitoneally into each fish. For the control, the same volume of physiological saline was used instead of the bacterial suspension. Each dilution trial was performed in five replicates. Mortality was recorded daily for 2 weeks the dead fish being removed from the aquaria daily. Their livers and kidneys were aseptically streaked on BHI agar. After being incubated at 25 C for 24 h, the bacteria grown on the agar were confirmed to be L. garvieae by using the API Rapid ID 32 Strep and API 50CH systems (bioMérieux, Hazelwood, Missouri, USA) according to the manufacturer's instructions, except for the temperature of incubation, which was always 25 C. The median lethal dose (LD 50 ) was calculated by the method of Reed-Muench 28) as log LD 50 ¼ log b þ c where = (mortality higher than 50% À 50%)/(mortality higher than 50% À mortality lower than 50%); b = dilution rate, b ¼ 10 À1 in this experiment; c = log of the minimum dilution rate, when the mortality was higher than 50%.
Preparation of the fish diets. Commercial fish diets supplemented with clove oil and oxytetracycline were prepared. Diets 1 to 4 were prepared by mixing clove oil with the commercial fish diet in the proportions of 0.5%, 1%, 2%, and 3% (w/w), respectively. Diet 5 was the fish diet supplemented with oxytetracycline in the proportion of 0.5% (w/w). Each diet mixture was mixed with distilled deionized water (1 ml/g) until a homogenous mixture was obtained. The mixture was passed through a minced-meat processing machine, producing extruded strings, which were dried at 30 C for 24 h and then broken down to about 2-mm-long pellets. The control diet (Diet 6) was prepared by using the same process as that for the other fish diets, except that no additive was used.
All of the diets were tested for their adverse effect on tilapia. Groups of 10 uninfected fish were fed diets 1 to 6 separately for a period of 2 weeks. The mortality, appearance, feeding response, and behavioral alterations of the fish were observed daily. Each feeding was performed in five replicates.
Effect of the clove oil-supplemented fish diets against L. garvieae infection. Groups of 10 uninfected fish were fed Diets 1 to 6 separately for 5 d. On the sixth day, the fish were intraperitoneally injected with 100 ml of 1:78 Â 10 3 CFU/ml of L. garvieae, a dose causing 50% mortality (LD 50 ). The infected fish were reared for another 10 d with the assigned fish diets. The mortality, appearance, feeding response, and behavioral alterations of the fish were observed daily. The dead fish were removed from the aquaria daily, and their livers and kidneys were subjected to bacterial isolation on BHI agar. L. garvieae isolated from the dead fish was confirmed by using the API Rapid ID 32 Strep and API 50CH systems (bioMérieux, Hazelwood, Missouri, USA) as already mentioned. Bacterial isolation was also performed with the livers and kidneys of the surviving fish. The experiments were conducted in five replicates.
Results

Antimicrobial activity test
All of essential oils used in this study, which had been extracted from cinnamon, clove, ginger and holy basil, exhibited antimicrobial activity against L. garvieae with different degrees of inhibition (Table 1) . Based on the size of the inhibition zone, clove oil and holy basil oil respectively had the strongest and weakest antimicrobial activity against the bacterium.
Determination of MIC
The MIC values of the tested essential oils for the inhibition of L. garvieae are presented in Table 1 . In general, there was a correlation between the results from the swab paper disc assay and those from the MIC determination assay. Of all the tested oils, clove oil had the lowest MIC value, while holy basil oil had the highest, respectively indicating the strongest and weakest antimicrobial activity of clove oil and holy basil oil.
Examination of the mode of action
Mode of action of the essential oils against L. garvieae was examined, the results being presented in Fig. 1 . After L. garvieae cells inhibited by the essential oils had been transferred to fresh BHI broth, each culture was examined for its optical density at the wavelength of 600 nm at the time of transfer and 24 h after transfer. L. garvieae cells inhibited by ginger oil and holy basil oil were found to be able to re-grow in the fresh culturing broth 24 h after transfer, indicating the bacteriostatic mode of action of the oils. However, cinnamon oil and clove oil exhibited a bacteriocidal mode of action against L. garvieae, because the bacterial cells inhibited by the oils could not resume their growth in the fresh BHI broth 24 h after transfer. Growth of the bacterium was still undetectable 48 h and 72 h after transfer.
Determination of the median lethal dose (LD 50 )
The cumulative mortality of tilapia was observed for 2 weeks after the fish had been intraperitoneally infected with different doses of L. garvieae, and the results are shown in Fig. 2 . All deaths occurred within 5 d after bacterial infection, and the pathogen was found in the livers and kidneys of all dead fish. Based on the mortality, the calculated LD 50 of L. garvieae for tilapia was 10 À3:75 , this being equivalent to 1:78 Â 10 2 CFU/fish.
Effect of the clove oil-supplemented fish diets against L. garvieae infection
Before the effect of the fish diets supplemented with different concentrations of clove oil on the experimental L. garvieae infection of tilapia was examined, their possible toxicity on normal fish was evaluated. Uninfected fish reared with all of the clove oil-supplemented fish diets (diets 1 to 4) and the oxytetracyclinesupplemented fish diet (diet 5) appeared and behaved similar to those reared with the control diet (diet 6). Furthermore, no mortality in either the tested or control groups was detected during the 2-week observation period.
The effect resulting from the oral administration of the clove oil-supplemented fish diets on the mortality of fish experimentally infected with L. garvieae is shown in Fig. 3 . The fish diets were given to the fish 5 d prior to bacterial infection. After the infection, the diets were given to the infected fish for 10 more days and, during this time, the mortality of fish was observed. In the group receiving the control diet with no clove oil (diet 6), the cumulative mortality of the infected fish was 50%. A dose-dependent reduction in mortality of the infected fish was obtained when the fish were fed with the diets containing clove oil. No mortality was apparent in the fish receiving the fish diet supplemented with 3% (w/w) of clove oil (diet 4) and with 0.5% (w/w) of oxytetracycline (Fig. 3) . L. garvieae was isolated from all of the dead fish, but not from the survivors. 
Discussion
Antibiotics have been used to control bacterial infections in aquaculture for a long time. Although they are effective, their use can be harmful to animals, farmers, consumers and the environment. 29) Demands for natural-based aquaculture have recently increased and the search commenced for safer natural products to replace antibiotics. One such possibility is essential oils (or volatile oils or ethereal oils). They are aromatic oily liquids obtained from many plant materials such as flowers, buds, seeds, leaves, twigs, bark, wood, fruits and roots. Some essential oils have been recognized to possess antimicrobial properties. 30) This study aimed to find a plant essential oil for controlling the fish disease caused by L. garvieae infection.
The antimicrobial activity of essential oils against bacteria generally varies depending on the source of an oil and strain of bacteria. For example, Escherichia coli has been found to be more sensitive to garlic oil than to cinnamon oil, whereas Klebsiella pneumoniae was more sensitive to cinnamon oil than to garlic oil. 31) Furthermore, a given bacterial strain responds differently to different essential oils. Micrococcus luteus was inhibited by the essential oil of Psammogeton canescen, 32) but was resistant to that of Citrus paradise Macfad. 33) Therefore, tests are always needed to obtain information about the antimicrobial activity of particular essential oils against interested bacteria. Of all four herbal essential oils tested in this study, clove oil exhibited the strongest antimicrobial activity against L. garveiea, both in the swab paper disc assay and MIC determination.
Clove oil can be extracted from several parts of clove such as the flower buds, leaves and stems. The main constituents of the oil are eugenol, eugenyl acetate, caryophyllene and iocaryophyllene. The oil has antimicrobial, antiviral, analgesic, antioxidative, anti-inflammatory, insect repellent and anaesthetic properties. It has been therapeutically used in connection with respiratory ailments such as asthma and bronchitis, acne, muscle aches, sprains and strains, arthritis and rheumatism. In aquaculture, it is used for anaesthetizing fish. 30, 34, 35) In respect of its antibacterial activity, clove oil has been reported to be able to inhibit both Grampositive and Gram-negative bacteria, including Listeria monocytogenes, Staphylococcus epidermidis, Propionibacterium acnes, Salmonella sp., and such strains of enterobacteria as E. coli, Klebsiella pneumoniae, Enterobacter aerogenes and Serratia macrescens. 30, 31, 34, 35) The compounds responsible for the antimicrobial activity of clove oil are eugenol (2-methoxy-4-(2-propenyl) phenol) and eugenyl acetate, which are the two major phenolic component in the oil. 30) Eugenol, a major component (approximately 85%) of clove oil, has been found to cause cell wall deterioration and high degree of cell lysis.
36) It was also found to inhibit the production of extracellular enzymes in Bacillus cereus 36) and the activity of amino acid decarboxylase in E. aerogenes.
37)
Although clove oil has never been used to control diseases in fish, the results from our in vitro studies and its medicinal uses encourage an in vivo trial of this oil on fish infected with L. garvieae.
When L. garvieae was used to experimentally infect tilapia, a low LD 50 value and short interval between bacterial infection and death of the fish were observed, indicating the severity of the infection. A similar finding has been reported by Eldar and Ghittino, 19) who performed the experimental infection of rainbow trout (Oncorhynchus mykiss) with the bacteria. Due to the severity of the disease caused by L. garvieae infection, a better strategy for using clove oil to control the disease is to use it as a protective agent rather than a therapeutic agent. In this study, fish diets supplemented with different amounts of clove oil were given to fish 5 d before inducting the disease and, after bacterial infection, the diets were continuously given for 10 more days. The diets were found to be able to reduce the mortality rate of fish experimentally infected with L. garvieae without any adverse effect on the fish. Furthermore, the diet supplemented with clove oil at a concentration of 3% (w/w) resulted in no mortality of the bacterially infected fish, this being identical to the results obtained from the groups treated with oxytetracycline. The results indicate the protective effect of clove oil on L. garvieae infection and the potential of the oil to replace antibiotics for controlling the disease in tilapia. Experiments to study the use of clove oil-supplemented fish diets on tilapia farms against natural L. garvieae infections is underway in order to develop an effective protective method for the disease in aquaculture of tilapia. 
